INTRODUCTION
============

Proteins belonging to the structural maintenance of chromosomes (SMC) family perform key functions in various chromosome dynamics in almost all organisms. SMC proteins are central components of chromosome condensation and segregation complexes, and are thus essential for either mitosis or for DNA break repair ([@B1]). SMC proteins are characteristically composed of conserved N- and C-terminal domains, and two central long stretches of heptad repeat regions predicted to form coiled coils. The heptad repeat regions fold back upon themselves, forming a long coil that can be as long as 25 nm. N- and C-terminal regions form a single head domain having an ATP cassette fold and ATPase activity ([@B2; @B3; @B4; @B5; @B6]). The SMC protein family can be divided into two major groups: true SMC proteins (i.e. SMC 1 to SMC 6 in eukaryotes and bacterial SMC/MukB) and SMC-like proteins (i.e. eukaryotic Rad50, or bacterial SbcC and RecN) ([@B1],[@B7]). SMCs contain a conserved hinge domain between the two coiled coil sequences, and SMC-like proteins various other domains/sequence motifs. The monomeric proteins consist of a globular head domain, a long-coiled coil and the hinge domains/motifs. The latter forms a specific dimer with another SMC protein (e.g. SMC 1 with SMC 3, or homodimers for bacterial SMC) ([@B8],[@B9]). Instead of a hinge domain, Rad50 contains a CXXC motif that can form a Zn-bridge with another Rad50 monomer ([@B3]). Like Rad50, bacterial SbcC forms a complex with an exonuclease (SbcD, or Mre11 for Rad50) and forms a dimer ([@B10],[@B11]). Bacterial RecN has much shorter coils than most other SMC like proteins and has a 50 aa domain between the heptad repeat sequences, which does not bear any similarity to the hinge domain. RecN forms higher multimers in solution ([@B12],[@B13]), but their architecture is still unclear. Similarly, it is also uncertain if RecN has a specific complex partner. For all other SMC-like proteins, this has been shown to be the case the case. SMC 1/3 form the cohesin complex together with at least two additional proteins and SMC 2/4 are the central components of condensin ([@B14]). Bacterial SMC forms a complex with ScpA and ScpB (MukB in *Escherichia coli* with MukE and MukF) ([@B15],[@B16]). ScpA belongs to the family of kleisins, like Scc1, which interacts with the SMC 1/3 cohesin complex from yeast. Scc1 further interacts with additional proteins such as Scc3. Similarly, a member of kleisins (Ycs4 in yeast) is also present in condensin ([@B1]). SMC head domains can dimerize through sandwiching of two ATP molecules ([@B17]). This way, SMC proteins can form a ring around DNA, in which DNA is trapped. In cohesin, Scc1 tightly bridges SMC head domains ([@B18]). Cohesin rings are opened during the metaphase to anaphase transition by specific cleavage of the Scc1 subunit ([@B19]), allowing commencement of pole-ward chromosome movement. Condensin is bound to chromosomes throughout the cell cycle but mediates chromosome compaction at the onset of prophase ([@B1]). Bacterial SMC is essential for chromosome segregation and compaction ([@B20]) and usually forms two subcellular assemblies, one in each cell half ([@B15],[@B21]). Both, condensin and bacterial SMC complex appear to affect chromosome compaction through the generation of writhe in DNA, resulting in increased negative supercoiling ([@B22],[@B23]). However, the precise mode of action of condensin and bacterial SMC is still unclear. The condensin complex has also been involved in DNA repair ([@B24]). Conversely, SMC 5/6, Rad50, SbcC and RecN are exclusively involved in repair of DNA damage and of double-strand breaks (DSBs) ([@B10],[@B25; @B26; @B27; @B28]). The Rad50/Mre11 complex is involved in homologous recombination, probably by generating ssDNA overhangs at the break site, and apparently also in non-homologous end joining (NHEJ), where broken DNA ends are tethered together by a dedicated ligase system ([@B3]).

In response to DSBs or to the generation of inter strand cross links in *Bacillus subtilis*, DNA repair centres (RCs) are formed. RecN, an ssDNA binding protein, is the first protein to visibly accumulate at break sites, sequentially followed by RecO, RecA, RecF and RecU ([@B13],[@B29],[@B30]). RCs are formed during or after generation of ssDNA overhangs at DSBs, mediated through RecJ/RecQ or AddAB endonucleases/helicases, and appear to be organized by RecN ([@B31]). RecO aids in loading of RecA onto ssDNA, enabling the formation of RecA/ssDNA nucleofilaments, which appear to extend across the nucleoids in search of the homologous non-broken region on the sister chromosome. This leads to the formation of crossovers, the hallmark of homologous recombination. At a late stage during DSB repair, RecU is recruited to RCs, where it resolves crossovers in conjunction with the RuvAB complex ([@B30]), while RecF may down-regulate formation of RecA/ssDNA nucleofilaments. Through this pathway, a DSB is repaired according to the information on the non-broken sister chromosome. SbcC protein has been shown to accumulate at the centrally located replication machinery (RM) upon induction of DNA damage ([@B25]) and also when expressed from an ectopic location in non-stressed cells ([@B32]). On the contrary, RCs are also formed away from the RM ([@B29]), indicating that different pathways may exist for DSB repair occurring at the replication forks, or elsewhere on the chromosome.

We have analysed the function of SbcE, a fourth and novel member of the SMC protein family in *B. subtilis*. SbcE is most similar to SbcC, yet highly diverged from other SMC-like proteins, and has a novel type of central domain. We show that SbcE is involved in transformation of competent cells, where a subset of cells take up DNA from the environment and incorporate it into the chromosome, if sufficient homology exists between incoming DNA and a region on the chromosome. We also show that SbcE is involved in DSB repair, apparently in a pathway that parallels that of RecN, and predominantly at DSBs that occur away from the replication forks.

MATERIALS AND METHODS
=====================

Growth conditions and media
---------------------------

*Escherichia coli* XL1-Blue (Stratagene) and *B. subtilis* were grown in Luria Bertani (LB) rich medium supplemented with 50 μg/ml ampicillin for *E. coli* and appropriate antibiotic for *B. subtilis*. For microscopy, cells were grown in S750 medium.

Clonings and constructs
-----------------------

All strains used in this study are listed in [Table 1](#T1){ref-type="table"}. The C-terminal fusion of SbcE with YFP was created by PCR amplifying the C-terminal 500 bps of the *yhaN/SbcE* gene and cloning the fragment into *Apa*I and EcoRI sites of pSG1164 using primers 5′-GCAGGGCCCGCACAGCTTCAAGGCGG-3′ and 3′-TTAGAATTCACCCCCTGACACCAAATGGATGATTTGGC-5′. *B. subtilis* PY79 wild type cells were transformed with the resulting plasmid (selected for cm), which integrated in the original locus on the Bacillus chromosome, to accrue SbcE-Yfp protein being the only form of SbcE protein in the cells. Expression of YhaO/SbcF downstream was driven by addition of 0.1% xylose in growth medium. SbcE-YFP competent cells was transformed with *ΔcomK* chromosomal DNA to create MK23. SbcE-YFP chromosomal DNA was transformed into DnaX-CFP to obtain MK29. Similarly SbcF was cloned using primers 5′-GGCGGGCCCTCGTTCATGTGACAAACG-3′ and 5′-GGCGAATTCGAATCCCCCTGTATCAAGCACCTTAAGCTG-3′ into pSG1164 which integrates in the original locus resulting in SbcF-Cfp (MK34). MK02 and MK35 were constructed by transforming pcm::tet into *ΔyhaN* (cm) and MK34, respectively and selecting for tetracycline resistance. MK35 chromosomal DNA was transformed into *ΔyhaN* (cm) competent cells and selected on appropriate antibiotic places to generate MK36. Chromosomal DNA of *ΔrecN* was transformed appropriately to achieve different strains. It was transformed into HO cutsite, HO endonuclease I-SceI endonuclease and HO endonuclease HO cutsite to obtain MK13, MK15, MK20 and MK07, respectively. Similarly, chromosomal DNA of *ΔrecN* (tet) was prepared and transformed into *ΔsbcE*, MK12, I-SceI endonuclease I-SceI cutsite, *ΔsbcE* HO endonuclease, *ΔsbcE* I-SceI endonuclease and in I-SceI cut site and were selected for appropriate antibiotic resistance to obtain MK04, MK11, MK08, MK09, MK10 and MK18. MK03 was created by transforming pcm::Nm in *ΔrecN* (cm) strain and was used to transform MK17 competent cells, to achieve MK16. MK01chromosmal DNA was transformed into HO endonuclease HO cut site, HO cutsite, HO endonuclease and I-SceI endonuclease; and resultant strains MK05, MK12, MK14 and MK19 was selected according to appropriate antibiotic resistance. MK02 chromosmal DNA was transformed into I-SceI cut site to obtain MK17. Chromosomal DNA of HO cutsite and HO endonuclease was transformed into *ΔrecA* to create MK21 and MK22, respectively. MK26, MK25 and MK24 were created by transforming RecA-Gfp chromosomal DNA into *ΔrecN, ΔsbcE* and MK04 competent cells. MK30 and MK32 were generated by transforming chromosomal DNA from *sbcE-yfp* into *dnaB*^ts^ competent cells or into *dnaA*^ts^ competent cells, respectively, and selecting for the antibiotic resistance. Further on, MK30 and MK32 competent cells were transformed with *ΔrecN* chromosomal DNA to obtain MK31 and MK33 strains. Table 1.Strains used in the present studyST41*ΔsbcE*, cmPresent workMK02*ΔsbcE*, tetPresent workBG277*ΔrecN*, cm([@B45])DK35*ΔrecN*, tet([@B13])MK03*ΔrecN*, kanPresent workMK04*ΔrecN ΔsbcE*, cm, tetPresent workAKR07HO endonuclease, HO cut site, spec kanPresent workLAS210I-SceI endonuclease, I-SceI cut site, cm spec([@B44])MK05*ΔsbcE*, HO endonuclease, HO cut site, cm spec kanPresent workMK06*ΔsbcE*, I-SceI endonuclease, I-SceI cut site, tet cm specPresent workMK07*ΔrecN*, HO endonuclease HO cut site cm spec kanPresent workMK08*ΔrecN*, I-SceI endonuclease I-SceI cut site tet cm specPresent workMK09*ΔsbcE, ΔrecN*, HO endonuclease cm spec kanPresent workMK10*ΔsbcE, ΔrecN*, I-SceI endonuclease tet cm specPresent workMK11*ΔsbcE, ΔrecN*, HO cutsite cm tet kanPresent workMK12*ΔsbcE*, HO cut site cm kanPresent workMK13*ΔrecN*, HO cut site cm kanPresent workMK14*ΔsbcE*, HO endonuclease cm specPresent workMK15*ΔrecN*, HO endonuclease cm specPresent workMK16*ΔsbcE, ΔrecN*, I-SceI cut site tet kan cmPresent workMK17*ΔsbcE*, I-SceI cut site cm tetPresent workMK18*ΔrecN*, I-SceI cut site cm tetPresent workMK19*ΔsbcE*, I-SceI endonuclease cm specPresent workMK20*ΔrecN*, I-SceI endonuclease cm specPresent workMK21*ΔrecA*, HO cut site cm tet kanPresent workMK22*ΔrecA*, HO endonuclease cm tet kanPresent workMK23*sbcE-yfp*, *ΔcomK*, cm kanPresent workMK24*recA-gfp*, *ΔsbcE, ΔrecN*, cm tet specPresent workMK25*recA-gfp*, *ΔsbcE*, cm specPresent workMK26*recA-gfp, ΔrecN*, cm specPresent workST39*sbcE-yfp*, cmPresent workMK28*sbcE-yfp*, tetPresent workDK40*recA-yfp*, spec([@B37])MK29*sbcE-yfp*, DnaX-Cfp cm specPresent workMK30*sbcE-yfp*, DnaB^ts^ cmPresent workMK31*sbcE-yfp, ΔrecN*, DnaB^ts^ cm tetPresent workMK32*sbcE-yfp*, DnaA^ts^ cmPresent workMK33*sbcE-yfp, ΔrecN*, DnaA^ts^ cmPresent workMK34*sbcF-cfp*, cmPresent workMK35*sbcF-cfp*, tetPresent workMK36*sbcF-cfp*, *sbcE-yfp*, cm tetPresent workMK37*recN-cfp*, *sbcE-yfp*, cm tetPresent workPG747*ΔrecA*([@B45])

DNA double-strand break repair assays
-------------------------------------

DNA double-stranded break (DSB) assays were performed similarly for both HO endonuclease/HO cut site (close to the origin region) and I-SceI endonuclease/I-SceI cut site (close to the terminus region) strains. Endonuclease expression is controlled by xylose addition, and was induced with 0.5% xylose during the exponential growth phase (OD~600~ 0.6--0.8 nm). The induced cells were further incubated for 30 min at 37°C. Then the cultures were serially diluted in LB medium. One-hundred microlitres of 10^−5^ and 10^−6^ dilutions were plated on LB plates and incubated at 37°C overnight. Induced and non-induced cultures of wt versus mutants CFU units counts on the incubated LB plates was further plotted on a graph and compared.

Western blot
------------

Competent cells were made by inoculating overnight cultures into SpC media and were grown at 37°C till they reached a stable and unchanging OD measured at 600 nm. This indicates that the cells are at stationary phase. Then the cultures were transferred to SpII media and grown for 90 min at 37°C. When the cells were grown to competence, samples were taken at different time points. These cells were precipitated and resuspended in lysis buffer containing 1 mg/ml lyzozyme and was incubated on ice for 30 min. The lysate was resuspended in loading buffer, boiled at 95°C for 5 min and then run on 8% PAGE. The proteins were transferred to the nitrocellulose membrane, which was further probed with Rabbit Anti-GFP primary antibody and Anti-Rabbit secondary antibody coupled to HRP. Signals emitted after ECL reactions were captured and detected on X-ray films.

Image acquisition
-----------------

Fluorescence microscopy was performed on an Olympus AX70 microscope. The respective competent cells were mounted on agarose gel coated slides. Images were acquired with a digital charge-coupled device camera (Princeton Instruments MicroMax or CoolSnap ES) driven by Metamorph 5.0 program (Universal Imaging Corp., USA). DNA was stained with 4′,6-diamidino-2-phenylindole (DAPI; final concentration, 0.2 ng/ml), and membranes were stained with FM-4-64 (final concentration, 1 nM). Filters used were: DAPI---ex360--370, dc400, em420--460, CFP: ex D436/20, dc 455DCLP, em D480/40, YFP: ex HQ500/20, dc Q515LP, em HQ535/30, GFP---ex460--495, dc505, em510--550, FM4-64 ex480-550, dc570, em590.

RESULTS
=======

SbcE (YhaN) is a novel type of SMC protein
------------------------------------------

The product of the *yhaN* gene is predicted to be 106 kDa large and to contain two central long heptad repeat regions ([Supplementary Figure S1A](http://nar.oxfordjournals.org/cgi/content/full/gkp909/DC1)). N- and C-terminal regions bear low but significant similarity to head domains of SMC proteins; sequence similarity is highest (15--18% identity) to bacterial SbcC proteins and to RecN, while it is slightly lower to BsSMC, or SMC5/6 and Rad50 from yeast (13--15%). The Walker A and B motifs and the signature ('C') motif are deviant from that of canonical SMC (especially the Walker A box), but recognizable and somewhat more similar to SbcC than to SMC or to RecN ([Supplementary Figure S1A](http://nar.oxfordjournals.org/cgi/content/full/gkp909/DC1)). heptad repeat regions are predicted to be ∼300 aa long, their length being similar to that of coiled coils in SbcC, and much longer than those of RecN. Heptad repeat regions of SbcE are separated by a central domain, which lacks similarity to any other protein domain in the database. However, the central domain is conserved in all homologs of SbcE/YhaN, which are found in many Gram positive bacteria. Within the central domain, several residues are highly conserved ([Supplementary Figure S1B](http://nar.oxfordjournals.org/cgi/content/full/gkp909/DC1)), especially a proline (shown in bold), and the first half of the domain contains a high amount of hydrophobic amino acids. In fact, when overproduced in *E. coli* cells, the central domain is completely insoluble (data not shown). Thus, the *yhaN* product is clearly a member of the SMC protein family, and, due to its highest similarity to SbcC, we term it SbcE. However, SbcE lacks the CxxC motif as in SbcC and in Rad50 proteins, and due to its unique central domain and deviated sequence, it is a novel class of SMC like proteins. SbcE sequences are well conserved in the genomes of Gram positive bacteria. Thus, *B. subtilis* and many, if not all, Gram positive bacteria contain at least four different SMC-like proteins, SMC, SbcC, SbcE and RecN. The *yhaN* gene lies upstream of *yhaM*, encoding for a presumed exoribonuclease ([@B33]), and downstream of *yhaO*, which is highly similar to *sbcD*. SbcC forms a complex with SbcD ([@B10]), and according to yeast 2 hybrid data, SbcE also interacts with the *yhaO* gene product ([@B34]), which we term SbcF. We will term the *yhaN* gene '*sbcE'* from hereon.

The deletion of *sbcE (yhaN)* results in sensitivity to DSBs, to various DNA damages and to a mild reduction in transformation efficiency
-----------------------------------------------------------------------------------------------------------------------------------------

To shed light on the function of the fourth SMC protein in *B. subtilis*, we generated a strain carrying a truncated *sbcE* gene by integrating a plasmid containing the central part of the *sbcE* gene, resulting in SbcE protein that lacks its last one-third of the residues. Addition of xylose ensured transcription of the downstream *yhaM* gene. The *sbcE* deletion did not result in any noticeable growth defect or in a detectable difference in nucleoid morphology (data not shown). To investigate if SbcE is involved in DSB repair, we used two systems to generate DSBs during exponential growth, based on the induction of HO or I-SceI endonucleases. These were integrated in strains carrying the corresponding recognition sites ('cut sites') close to the origin region of replication or close to the terminus, respectively. Induction of HO endonuclease led to decrease in the number of viable cells, which was marginally larger for *sbcE* mutant cells than for wild type cells (data not shown). However, induction of I-SceI markedly reduced the number of surviving *sbcE* mutant cells: only a third of the cells survived the induction of a specific DSB, compared with \>95% of wild type cells ([Figure 1](#F1){ref-type="fig"}A). These data show that SbcE plays a role in the repair of DSBs. We also tested the sensitivity of *SbcE* mutant cells towards Mitomycin C (MMC) and found that only 40% of the cells survived a 30 min treatment with 50 ng/ml MMC, while 80% of wild type cells survived the same condition ([Figure 1](#F1){ref-type="fig"}B). About 40% of wild type cells survived treatment with 100 ng/ml of MMC (200 ng/ml is toxic), whereas only 30% of *sbcE* mutant cells were able to withstand this treatment. We also found that *sbcE* mutant cells are more sensitive to the DNA-alkylating agent MMS than wild type cells (data not shown). Taken together, it is clear that the loss of SbcE activity results in a marked sensitivity to DSBs and to DNA-modifying agents. Figure 1.(**A**) Survival of cells without (−) and with (+) induction of I-SceI endonuclease for 30 min. (**B**) Survival of cells after 30 min of addition of different concentrations of MMC. Data are collected from at least three independent experiments run in duplicated.

We also investigated the effect of the loss of SbcE on transformation efficiency. For transformation with chromosomal DNA, we found that the number of transformants in the absence of SbcE drops ∼20-fold compared to wild type cells ([Table 2](#T2){ref-type="table"}), showing that SbcE also plays an important role during competence. Transformation with chromosomal DNA is strictly dependent on the RecA protein, while transformation with self-replicating plasmid DNA does not require RecA, but follows a different route involving RecO and RecU proteins ([@B35]). We found that plasmid transformation was not affected in the absence of *sbcE* (data not shown), showing that SbcE does not play a role in this process. Table 2.Transformation efficiencyStrainTransformation efficiency[^a^](#TF1){ref-type="table-fn"}PY 79100% (1.13 × 10^7^)*ΔsbcE*5% (5.63 × 10^5^)*ΔsbcE ΔrecN*1.2% (1.34 ×10^5^)[^2]

Deletion of *sbcE* and *recN* or of *sbcC* and *sbcE* results in synthetic repair and transformation defects
------------------------------------------------------------------------------------------------------------

Considering the similarity between SbcE and RecN sequences, we wondered if the proteins provide redundant functions, or if they act at different aspects in DNA repair and in competence. We therefore constructed a *recN sbcE* double mutant strain and tested its ability to survive treatment of MMC. Strikingly, the number of surviving *recN sbcE* double mutant cells was even more reduced compared to that of *recN* mutant cells, which are more severely affected in survival of MMC treatment than *sbcE* mutant cells ([Figure 1](#F1){ref-type="fig"}B). Whereas 25% of *recN* mutant cells withstood treatment with 50 ng/ml of MMC, \<10% of the double mutant cells survived this insult. Double mutant cells did not grow on plates containing 100 ng/ml of MMC and did not survive 30 min treatment with 100 ng/ml MMC ([Figure 1](#F1){ref-type="fig"}B), which is also true for *recA* mutant cells, which show the strongest repair defect of any known recombination protein ([@B36]). However, MMC sensitivity of double mutant cells was less severe than that of recA mutant cells, because the latter do not survive treatment with 50 ng/ml of MMC ([@B29]), while a fraction of *recN sbcE* does survive this treatment.

We also used the HO or I-SceI cut systems to test for DSBs sensitivity of the double mutant. It was not possible to combine both *recN* and *sbcE* deletions in a strain with both endonuclease and cut site, in any of the two systems. It was possible to move either cut site or endonuclease constructs into *recN sbcE* double mutant cells, but not both. It was also impossible to combine a *recA* deletion with a cut site and an endonuclease gene. Therefore, a low amount of DSBs generated by even non-induced HO or I-SceI endonucleases is lethal for *recA* deleted cells or for *recN sbcE* double mutant cells, showing that the loss of both, SbcE and RecN, causes a strong synthetic defect in DSBR.

We also analysed the genetic interaction between SbcE and SbcC. An *sbcC* mutant strain was only very mildly sensitive to the induction of DSBs through I-SceI ([Figure 1](#F1){ref-type="fig"}A), but the double *sbcC* and *sbcE* mutant stain was more sensitive than each of the two single mutant strains ([Figure 1](#F1){ref-type="fig"}A). Similarly, double mutant cells were more sensitive to the addition of MMC than the single mutants (data not shown), revealing that SbcC and SbcE act at different aspects of DSBR. *SbcC/sbcE* double mutant cells were less sensitive to DSBs than *recN/sbcE* double mutant cells ([Figure 1](#F1){ref-type="fig"}A) (and also to the addition of MMC, data not shown), revealing the different degrees of importance for resistance against DNA damaging agents of the tree SMC-like proteins.

We also tested the effect of the double deletion on transformation efficiency. *RecN* mutant cells show ∼5-fold less transformants than wild type cells ([@B37]) and are thus less impaired than *sbcE* mutant cells. Similar to the epistatic effect on DNA repair, the lack of SbcE and RecN strongly exacerbated the effect of the single gene deletions. The transformation efficiency of double mutant cells was ∼100-fold reduced compared with wild type cells ([Table 2](#T2){ref-type="table"}). Thus, absence of SbcE and RecN is as severe as absence of DrpA/Smf. DrpA/Smf plays a significant role in loading RecA onto the incoming ssDNA ([@B38],[@B39]), while the deletion of *recA* results in a drop in transformation efficiency by 1000-fold or more, dependent on the *B. subtilis* strain background.

Deletion of *sbcE* and of *recN* strongly reduces the formation of RecA threads during transformation
-----------------------------------------------------------------------------------------------------

RecA has been shown to form filamentous structures termed 'threads' upon addition of DNA to competent cells. Threads emanate from the polar DNA uptake machinery and extend through the cells. They are thought to be key intermediate structures for strand invasion and crossovers during homologous recombination. We wished to investigate if SbcE and RecN have an effect on RecA localization and on RecA thread formation. We visualized GFP-RecA in wild type and mutant backgrounds. Wild type cells grown to competence contained polar GFP-RecA foci in 19% of the cells ([Figure 2](#F2){ref-type="fig"}A and E), and mutant strains showed between 14 and 16.5% of polar foci ([Figure 2](#F2){ref-type="fig"}E). The fact that the number of polar GFP-RecA foci \[which depend on the presence of a polar DNA uptake machinery ([@B37])\] was similar in *recN* and in *sbcE* mutant cells compared with wild type cells suggests that there is no effect of the gene deletions on the DNA uptake complex. However, in the absence of SbcE or RecN, clear GFP-RecA threads were only seen in 5% of the cells after addition of chromosomal DNA ([Figure 2](#F2){ref-type="fig"}C and E), compared to 9% in wild type cells ([Figure 2](#F2){ref-type="fig"}B and E). Strikingly, in *recN sbcE* double mutant cells, formation of RecA threads was highly impaired; only 1% of the double mutant cells contained clear threads in response to DNA uptake ([Figure 2](#F2){ref-type="fig"}D and E). These experiments strongly suggest that SbcE and RecN act upstream of RecA during transformation, and show that a reduction in the number of RecA threads leads to a reduction in transformation efficiency. Figure 2.Localization of GFP-RecA in wild type and mutant cells. (**A**) GFP-RecA foci at a single cell pole in cells grown to competence (indicted by white triangles), (**B**) GFP-RecA threads (indicated by grey triangles) and polar foci (white triangles) in wild type cells 30 min after addition of chromosomal DNA, (**C**) same as (B) in *SbcE* mutant cells, (**D**) same as in (B) in *SbcE recN* double mutant cells. Grey bars 2 µm. (**E**) Graph depicting number of GFP-RecA foci at the cell pole (grey bars) or of GFP-RecA threads 30 min after addition of chromosomal DNA to cells grown to competence (\>600 cells analysed for each experiment). Names of strains are indicated.

SbcE localizes to the cell pole in competent cells and forms DNA damage-induced foci, which are exacerbated in the absence of RecN protein or of SbcC
-----------------------------------------------------------------------------------------------------------------------------------------------------

We created a C-terminal fusion of SbcE with YFP, which was integrated at the original locus in such a way that the SbcE-YFP fusion was driven by the original promoter. It is the only form of SbcE expressed in the cell. The fusion is fully functional, based on the observation that the cells have a transformation efficiency and sensitivity towards MMC similar to that of wild type cells (data not shown). Western blot analysis showed that only full length SbcE-YFP is expressed ([Figure 3](#F3){ref-type="fig"}), and no cleavage product is formed (no YFP band is visible on Western blots, data not shown). Expression of SbcE-YFP during exponential growth is extremely low, compared with other YFP fusions generated in our laboratory (e.g. SMC-YFP or RecN-YFP, few hundreds of which are present in exponentially growing cells ([@B20],[@B21]), suggesting that only few molecules are present during exponential growth. In agreement with an important function during competence, the level of SbcE-YFP increased considerably in cells grown to competence, whereas SbcE-YFP was barely visible in exponentially growing cells. A maximum of 20--25% of all cells grown to competence induce the master transcription factor ComK and thus become competent ([@B40]). These competent cells express a machinery that mediates the transport of DNA across the cell envelope, which assembles at one or both cell poles. Consistent with a role in transformation, SbcE-YFP accumulated at a single cell pole in 10% of the cells grown to competence ([Figure 4](#F4){ref-type="fig"}A), and 3% contained two polar SbcE-YFP foci. Five percent contained a polar SbcE-YFP focus and a second focus at a random position within the cell, and in 5% of cells grown to competence SbcE-YFP foci were present at random positions within the cells ([Figure 4](#F4){ref-type="fig"}A). Time lapse microscopy revealed that SbcE foci are not static like RecA foci, but are quite dynamic ([Figure 4](#F4){ref-type="fig"}C). Within 1 min intervals, SbcE-YFP foci moved from one cell pole to the other, or to a position close to the other pole and moved back. The faint SbcE-YFP signal precluded longer time lapse captures, but the short movies we were able to monitor suggest that like RecN, SbcE also moves between the cell poles, with longer intervals at the poles and short movement across the cell. Foci could also split up into two foci and reunite (data not shown). The fact that a majority of competent cells showed polar SbcE-YFP foci supports the findings that SbcE-YFP assemblies stay at a pole for an extended period and rapidly move to the other pole, such that intermediate localization is only seen in few cells. Transcription of *SbcE* is not regulated by the major competence transcription factor, ComK, but by ComA, which in turn is necessary for ComK induction ([@B41]). SbcE-YFP showed foci only in 6% of *comK* mutant cells grown to competence and, importantly, never at a cell pole ([Figure 4](#F4){ref-type="fig"}B), showing that its recruitment to the cell poles is mediated or influenced by a component of the DNA uptake machinery, in contrast to RecN, which also assembles at the poles in *comK* mutant cells grown to competence. Figure 3.Western blot showing accumulation of SbcE-YFP in cells grown to competence. 0 min = time point of cessation of growth in competence medium, other time points later than the onset of competence. Figure 4.Localization of SbcE-YFP in cells grown to competence. (**A**) SbcE-YFP foci at single cell pole (indicated by white arrowheads), at both cell poles (grey arrowheads), or at a single cell pole and an additional site between the poles (black arrowheads). (**B**) SbcE foci within *comK* mutant cells (indicated by white arrowheads). (**C**) Localization of SbcE-YFP in time lapse experiments, numbers indicate time in minutes. White lines indicate ends of cell, white arrowheads moving foci. (**D**) SbcF-YFP accumulates at the cell poles of cells grown to competence (indicated by white arrowheads). Grey bars 2 µm.

RecN is the first protein that visibly assembles at defined DSBs. RecN accumulates in so called RCs between 15 and 30 min in ∼70% of cells treated with MMC or induced for HO cuts, while only 0.05% of exponentially growing cells show RecN-YFP foci ([@B13]). During exponential growth, 9% of all cells showed a single SbcE-YFP focus, usually on the nucleoids ([Figure 5](#F5){ref-type="fig"}A, 250 cells analysed), whereas 20 min after addition of MMC, 14% of the cells contained a single focus ([Figure 5](#F5){ref-type="fig"}B). Sixty minutes after addition of MMC, 16% of all cells contained SbcE-YFP foci (15% contained a single focus and 1% two foci, data not shown, 320 cells analysed). These observations show that SbcE assemblies exist in a considerable number of exponentially growing cells, probably in cells affected by DNA damage or collapsed replication forks. Different from RecN, SbcE assemblies do not dramatically increase after induction of additional DNA damage. Because the sensitivity of cells lacking SbcE and RecN is much higher than that of single mutant cells, we investigated the localization of SbcE in *recN* mutant cells. Interestingly, 36% of *recN* mutant cells showed SbcE-YFP foci 30 min after MMC treatment ([Figure 5](#F5){ref-type="fig"}D) (380 cells analysed) (and 37% 60 min after addition of MMC, data not shown), showing that the number of cells containing SbcE-YFP foci strongly increases in the absence of RecN protein. Figure 5.Localization of SbcE-YFP in exponentially growing cells or after addition of DNA damage. (**A**) SbcE-YFP foci (indicated by white arrowheads) in exponentially growing cells, or (**B**) 20 min after addition of MMC. (**C**) Exponentially growing cells expressing SbcE-YFP and SbcF-CFP. (**D**) SbcE-YFP (indicated by white arrowheads) in *recN* mutant cells 30 min after addition of MMC. (**E**) SbcE-YFP foci in *sbcC* mutant cells during exponential growth (ends of cells are indicated by white lines), or (**F**) 30 min after addition of MMC, (**G**) SbcE-YFP foci in DnaX-CFP expressing cells 30 min after addition of MMC, co-localization indicated by green arrowheads, non-overlapping localization indicated by grey (DnaX) and white (SbcE) arrowheads. (**H**) Cells expressing both RecN-CFP and SbcE-YFP. Ends of cells are indicated by white lines. SbcE-YFP foci are indicated with green arrowheads, and are green in the overlay, while RecN-CFP foci are indicated by red arrowheads. Grey and white bars 2 µm.

In the absence of RecA protein, RecN was found to form foci in 35% of all exponentially growing cells ([@B13]), suggesting that DSBs accumulate in RecA deficient cells. To find out if the number of growing cells containing SbcE-YFP foci also increases in *recA* mutant cells, we moved the YFP fusion into a *recA* null background. Fifteen percent of these mutant cells showed discrete SbcE-YFP foci (350 cells analysed, data not shown), which is a moderate but statistically significant increase over the number wild type cells having foci (9%). Thus, SbcE also accumulates in the absence of RecA, but to a lesser degree than RecN, in agreement with the idea that SbcE represents a rather constitutive system, while RecN a strongly inducible system.

We also wished to analyse if the absence of SbcC has an effect on the formation of SbcE-YFP foci. We therefore moved the SbcE-YFP fusion into a *sbcC* null background. Interestingly, 14% of exponentially growing mutant cells contained an SbcE-YFP focus on the nucleoid (with 380 cells analysed) ([Figure 5](#F5){ref-type="fig"}E), which is a significant increase over the number in wild type cells (chi square test significance 0.01). Moreover, 30 min after addition of MMC, 26% of the cells showed SbcE-YFP foci in the absence of SbcC ([Figure 5](#F5){ref-type="fig"}F), and 28% of the cells 60 min after addition of MMC (data not shown), which is also a significant increase over MMC-induced foci in wild type cells. Thus, in cells lacking SbcC, more cells contain SbcE-YFP foci during exponential growth as well as after induction of DNA damage.

SbcE foci frequently form at sites on the nucleoids away from the replication forks and rarely colocalize with RecN assemblies
------------------------------------------------------------------------------------------------------------------------------

We addressed the question whether upon induction of DNA damage, SbcE accumulates at the RM, as was shown for SbcC ([@B25]), or whether it also accumulates at sites on the nucleoids away from the replication forks, as was shown for RecN ([@B29]). We visualized SbcE-YFP in cells also expressing DnaX-CFP, a component of the RM. In exponentially growing cells upon addition of MMC, SbcE-YFP and DnaX-CFP colocalized in five cells, while both signals were separate from each other in 26 cells ([Figure 5](#F5){ref-type="fig"}G). Therefore, SbcE appears to be recruited to presumably collapsed replication forks in few cases, but predominantly accumulates at DNA damage occurring elsewhere on the chromosomes. Interestingly, SbcE has been found to interact with DnaG in the yeast 2H system ([@B34]), suggesting that SbcE may be recruited to replication forks by DNA primase.

The effect that a double *sbcE recN* deletion increases the severity of sensitivity to DNA damage compared with both single gene deletions and the fact that both proteins form assemblies on the nucleoids (SbcE also in the absence of induced DNA damage, and RecN only after induction of DNA damage) prompted us to investigate the simultaneous localization of both proteins. We therefore generated a strain carrying an SbcE-YFP and a RecN-CFP fusion (the latter is only barely visible) and monitored fluorescence 30 min after addition of MMC. Interestingly, 70% of the cells contained RecN-CFP foci but no SbcE-YFP foci, while 15% contained SbcE-YFP foci but no RecN-CFP foci ([Figure 5](#F5){ref-type="fig"}H). Only 4% of the cells contained both, RecN and SbcE foci, and in 75% of these, the signals were not coincident, while in 25%, they colocalized ([Figure 5](#F5){ref-type="fig"}H). Eleven percent of the cells did not show any signal. These data show that generally, cells either have a RecN assembly after induction of DNA damage (that is most of the cells), or an SbcE assembly, while few cells have both assemblies. These data support the idea that RecN and SbcE induce two different pathways for an assembly of a DNA RC.

RCs are also induced in the absence of ongoing replication
----------------------------------------------------------

To test if the induction of DNA RCs depends on ongoing replication, we moved the RecN-YFP fusion into strains containing thermosensitive (ts) alleles of the DnaA initiator protein, or the DnaB helicase loader protein. After a shift from 30 to 42°C, cells growth arrested within 1 h, indicating that replication was blocked at the higher temperature. Under this condition (that is after 1--2 h after shift up), RecN-YFP foci were detectable in ∼15% of the cells ([Figure 6](#F6){ref-type="fig"}A), probably due to collapsed replication forks that have led to DSBs, and that are attempted to be rescued by homologous recombination. A block in replication, however, does not necessarily result in a DSB, because many cells showing clear block in replication did not show any RecN-YFP foci ([Figure 4](#F4){ref-type="fig"}B). In contrast, when MMC was added 1 h after a shift to 42°C and incubated further for 1 h, RecN-YFP foci appeared in 80% of the cells ([Figure 6](#F6){ref-type="fig"}C and D), showing that RCs can form independent of ongoing replication. Figure 6.Localization of RecN-YFP or SbcE-YFP in *dnaB*^ts^ cells. (**A--B**) RecN-YFP foci in cells shifted to 42°C (non-permissive temperature) for 2 h, white arrowheads in (B) indicate cell with obvious segregation defect lacking any RecN-YFP foci. (**C--D**) RecN-YFP foci in cells shifted to 42°C for 60 min, after addition of MMC for further 60 min. (**E**) SbcE-YFP foci (indicated by white arrowheads) in cells shifted to 42°C for 2 h. (**F**) SbcE-YFP foci (indicated by white arrowheads) in cells shifted to 42°C for 60 min, after addition of MMC for further 60 min. Grey bars 2 µm.

SbcE-YFP foci were present in 11% of DnaB^ts^ cells shifted to 42°C for 1 h ([Figure 6](#F6){ref-type="fig"}E). After addition of MMC, 20% of the cells showed clear SbcE-YFP foci ([Figure 6](#F6){ref-type="fig"}F), showing that to a moderate extent, SbcE-YFP foci are also inducible in the absence of ongoing replication. These data reinforce the idea that RecN initiates RCs at sites of DSBs occurring at any position on the nucleoid, which are primed for repair by homologous recombination and that SbcE present a rather constitutive system that operates in the absence of artificially induced DSBs. Because of the low RecN-CFP and SbcE-YFP signal intensity, and the low number of SbcE-YFP foci, we were not able to determine if SbcE is also recruited to some RCs initiated by RecN.

SbcF forms foci at a single cell pole in competent cells
--------------------------------------------------------

Like *sbcC, sbcE* is located next to a gene encoding for a predicted nuclease, *yhaO*. The *yhaO* gene product bears 24.5% identity/29.1% similarity to the *sbcD* gene product, and 18% identity/25.6% similarity to *mre11* (*S. cerevaciae*). Due to this degree of similarity, we will term YhaO as SbcF from hereon. We attempted to coprecipitate SbcE and SbcF in *B. subtilis* cells, but were unsuccessful, most likely due to the low abundance of SbcE. When expressed in *E. coli* cells, SbcE and SbcF were completely insoluble, even when special *E. coli* expression strains and conditions were employed. When SbcE and SbcF were simultaneously expressed from two compatible plasmids, both proteins remained in the nun-soluble fraction, and could not be successfully refolded. Therefore, we are unable to provide biochemical evidence for a complex of SbcE and SbcF, which however has been supported to exist in Y2H experiments ([@B34]).

Several additional lines of observations support the idea that SbcE and SbcF form a functional complex. The SbcF-CFP fusion showed fluorescence throughout the cells, because a large fraction (∼80%) of SbcF molecules were degraded, and CFP remained present in the cells, as seen by Western blotting (data not shown). This is intriguing, because SbcD-GFP is also degraded except for the GFP tag ([@B25]), the only two cases we have so far observed in our laboratory. Possibly, the nucleases SbcD and SbcF are prone to proteolysis to keep their amount low. Thus, soluble GFP remains within the cells, which precludes visualization of the low amount of full length SbcF-GFP. In any event, cells expressing SbcF-GFP grow normally, like cells expressing SbcE-YFP. In contrast to this, cells expressing both SbcE-YFP and SbcF-CFP no longer showed any SbcE-YFP foci, be it during growth or after addition of MMC ([Figure 5](#F5){ref-type="fig"}C). Additionally, these cells grew more slowly than wild type cells, suggesting that interfering with complex formation causes a problem for the cells. These data suggest that dual tagging of SbcE with YFP and SbcF with CFP interferes with complex formation and leads to a loss of proper localization of SbcF.

Interestingly, SbcF also accumulated at a single cell pole in 14% of the cells grown to competence ([Figure 4](#F4){ref-type="fig"}D), similarly to SbcE. Probably, SbcF-CFP accumulates to a higher extend at the cell pole than presumably at DSBs in association with SbcE or becomes more stable in competent cells, making it more clearly visible against the background of free CFP. These data support the idea that SbcE and SbcF form a complex, as deduced from the finding that SbcE and SbcF interact in the yeast two hybrid system ([@B34]).

DISCUSSION
==========

In this work, we characterize a unique novel member of the SMC protein family, we term SbcE, from *B. subtilis*. SbcE has an ATPase head-domain/extended coiled coil/central domain arrangement typical of SMC proteins. SbcE is highly diverged from SbcC, and even more so from other SMC proteins, in its sequence, and contains a central domain that is not found in any other SMC-like protein. It is therefore a distinct member of SMC proteins, and is present in all genomes from Gram positive bacteria analysed. The name is appropriate because SbcE plays a role in DNA repair, like SbcC, and interacts with a nuclease, termed SbcF, analogous to SbcC, which interacts with the nuclease SbcD ([@B10]). We show that the loss of SbcE renders the cells sensitive to the induction of specific DSBs through an endonuclease, as well as towards MMC. Thus, *B. subtilis* contains four SMC like proteins, SMC, SbcC, RecN and SbcE, all of which are involved in DNA repair, either directly, or indirectly \[the ScpA subunit of the SMC complex has been shown to be important for repair of MMC induced damage ([@B42])\]. It is quite striking to see how many proteins in the *Bacillus* cell (or in fact Gram positive bacteria) are involved in the repair of breaks and modifications in its chromosome. Clearly, the importance of DNA repair must justify such provision of genetic resources. However, it has become clear that proteins involved in DNA repair are also recruited to act during transformation with environmental DNA. Like RecN and RecA, SbcE gains novel functional specificity in cells grown to competence, as it is recruited to the polar DNA uptake machinery, where RecA, RecN, DprA/Smf and SsbB/YwpH are also present (the latter two being specific for competence) ([@B37; @B38; @B39],[@B43]). Recruitment of SbcE to the cell pole was dependent on ComK, the master regulator of competence, which is required for the induction of the polar DNA uptake machinery ([@B43]). Interestingly, SbcE moved between the cell poles in an irregular manner, similar to RecN ([@B37]), indicating that this dynamic localization is common for the *B. subtilis* SMC like proteins, in contrast to RecA protein that remains at the pole containing the DNA uptake machinery ([@B37]). Clearly, SbcE plays an important role in transformation, because efficiency drops 20-fold in the absence of the protein. In agreement with its function during competence, the amount of SbcE, which is very low in exponentially growing cells, increases in cells grown to competence. Again, it is intriguing how many proteins are implicated in transformation, because loss of any of the above listed proteins reduces transformation efficiency between 5- and 1000-fold.

The analysis of competent cells has revealed that SbcE acts upstream of RecA, the central player in homologous recombination, and thus the most important player in transformation with chromosomal DNA. After addition of DNA to cells grown to competence, RecA forms filamentous structures called threads that are thought to be the active forms of RecA searching for homology on the chromosome ([@B37]). In the absence of SbcE or of RecN, the number of RecA threads is slightly reduced, but in the absence of both proteins, thread formation is strongly reduced concomitant with an ∼100-fold reduction in transformation efficiency. The visible effect on RecA activity strongly suggests that RecN and SbcE play a role in the loading of RecA to ssDNA, or in the protection of incoming ssDNA from nuclease attack. Indeed, RecN is an ssDNA binding protein ([@B12],[@B37]), and SbcE could have a similar activity. Further work is required to shed light onto the detailed mode of action of SbcE in competent cells.

Our work provides further insight into the question of why 3 SMC-like systems are employed for DNA repair by *B. subtilis*. Firstly, RecN, SbcC and SbcE act at different sites of DSBs or DNA modifications. SbcC exclusively assembles at the RM in response to DNA damage ([@B25]), while RecN is the first protein detectable to assemble at breaks occurring away from the replication forks ([@B13],[@B29]). Several further proteins are sequentially recruited to the so-called RCs, including RecA, which sets up crossovers between the break site and the homologous region on the sister chromosome. RCs disassemble after ∼3 h, at a time when cell growth resumes ([@B29]). SbcE takes a somewhat intermediate position between these two systems, because it assembles at the RM in some cells, while in most cells, SbcE accumulations are clearly located at different sites on the nucleoid, away from the replication forks. Yet different from SbcC and RecN, SbcE accumulations were present in a considerable number of exponentially growing cells (∼10%). It is not unreasonable to assume that DNA damage and/or collapsing of replication forks is generally taking place in this fraction of growing cells, and that SbcE is employed to deal with these normally occurring situations. In response to externally added DNA damage, the number of cells showing SbcE accumulations moderately increased (∼2-fold), while after induction of DSBs, 40 or 70% of the cells contain SbcC or RecN accumulations, respectively ([@B13],[@B25]). Thus, SbcE appears to be a rather constitutive system that deals with a low number of DSBs or DNA damages occurring during growth, while SbcC and RecN systems are turned on in response to a dramatic increase in DNA damage. However, in addition, SbcE appears to act as a backup system for RecN and for SbcC, because up to 36% of *recN* mutant cells showed SbcE accumulations in response to induced DSBs, or 28% of *sbcC* mutant cells. In *sbcC* mutant cells, the number of SbcE-YFP foci was also increased during exponential growth (from 9 to 14%), indicating that SbcE can partially compensate for the loss of RecN or of SbcC. Dual visualization of SbcE and of RecN showed that cells generally induce (or contain) an SbcE accumulation or a RecN accumulation is response to DNA damage, but rarely contain assemblies of both proteins, supporting the idea that both factors can induce a distinct avenue to DNA repair via homologous recombination, and that cells use either one of these, and rarely both. Interestingly, we found that the induction of RecN assemblies in response to DNA damage also occurs in cells, in which ongoing replication was suppressed, showing that RCs also form in the absence of ongoing replication. Again for SbcE, we found that a moderate increase in the number of assemblies can occur in the absence of replication, suggesting that DNA damage occurring at any position on the chromosome can induce RecN and SbcE assembly, and at least in case of RecN, the establishment of RCs. In contrast to this, the accumulation of RecA at the RM in response to DNA damage is dependent on ongoing replication ([@B44]).

In agreement with the idea that SbcE is involved in a presynaptic stage, the moderate increase in SbcE accumulations was observed early after induction of DNA damage, i.e. within 20--30 min, and thus, in a similar time frame as RecN, and before RecO, RecA, RecU or RecF assemble at RCs ([@B13]). Our genetic data support the idea that two avenues exist towards loading of RecA, namely one involving RecN, and a further one involving SbcE, because loss of both RecN and SbcE resulted in an exacerbation of the single gene losses. Therefore, RecN and SbcE act at an early step in DSB repair, they are not epistatic, and SbcE somewhat complements for the loss of RecN during induction of DSBs. Similarly, the deletion of both, *sbcC* and *sbcE* also increases the severity of the single mutations \[note that the loss of *sbcC* shows hardly any phenotype ([@B25])\]. Because SbcC plays a role at the replication forks, these data suggest that SbcE can also be employed during problems arising during replication. It will be important to determine, which further proteins RecN and SbcE interact with at a biochemical and at a genetic level. Clearly, SbcE is a novel member of the SMC protein family, and extends the spectrum of SMC proteins involved in DNA repair.
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